Decline in episodic memory is a common feature of healthy aging. Event-related potential (ERP) studies in young adults have consistently reported several modulations thought to index memory retrieval processes, but relatively limited work has explored the impact of aging on them. Further, work with functional imaging has demonstrated differential neural recruitment in elderly subjects depending on their level of cognitive performance which may reflect compensatory or, alternatively, inefficient processing. In the present study we examined the effect of aging and level of performance on both early (FN400, LPC) and later [late frontal effect (LFE)] ERP indices of recognition memory. We found that the FN400 and LPC were absent or attenuated in the older group relative to young adults, but that the LFE was actually increased, analogous to findings in the functional imaging literature. Additionally, the latter effect was most prominent in the poorer performing older participants. These findings suggest that weak memory retrieval supported by earlier ERP modulations, may lead to an enhanced LFE in the service of additional retrieval attempts.
Introduction
Numerous studies have documented a decline in episodic memory associated with the aging brain. While behavioral studies of memory have offered insight into the underlying nature of this deficit, functional techniques allow for evaluation of component processes in memory retrieval. Exploration of alterations in neural activity during memory retrieval in older adults will likely provide a fuller understanding of the nature of memory loss with healthy aging, as well as potential avenues for intervention.
In particular, a number of studies have suggested that failures of episodic memory with "healthy" aging are due to impairment in controlled processes mediated by the frontal cortex and its connections [for review, see (Buckner, 2004; Hedden and Gabrieli, 2004) ]. It is argued that the deficit in frontal systems limits the strategic processing at both encoding and retrieval leading to less successful recapitulation of prior study episodes. Consistent with this notion is work which has found age-associated impairment of the contextual or associative memories of recollection with relative sparing of familiarity (Howard et al., 2006; Yonelinas, 2002) . This finding follows from recollection being thought more dependent on controlled processes related to frontal and medial temporal connectivity while familiarity is often conceived of as a more "automatic" form of memory. Alternatively, other studies of aging have suggested a direct relationship between medial temporal dysfunction and memory performance, irrespective of frontal processing. For example, hippocampal atrophy in volumetric structural MRI studies, a surrogate for integrity of this structure, has often been reported to correlate with memory performance in healthy elderly subjects (Van Petten, 2004) .
Behavioral memory studies are limited in making such distinctions and determining the component memory processes driving age-associated memory failures and successes. For example, older subjects often perform similarly to young subjects on item memory tasks (Yonelinas, 2002) . Nonetheless, alternative neural and cognitive mechanisms may underlie this equivalent performance (e.g. older adults may be more dependent on familiarity than recollection-based retrieval), which could be indexed with functional techniques.
Additionally, recent work, particularly studies with fMRI, has frequently reported alterations in frontal activity during episodic memory tasks in older relative to younger participants [for review, see (Grady, 2008) ]. Despite notions of impairment of cognitive control in elderly populations, a number of these studies have reported paradoxical increases in frontal activations (Cabeza et al., 2002; Grady et al., 1995; Gutchess et al., 2005; Logan et al., 2002; Morcom et al., 2007; Velanova et al., 2007) . While some of this work suggests that this increased processing may reflect inefficiency, others have argued that it may reflect compensatory mechanisms. It also remains unclear from fMRI studies the nature of the cognitive processing manifested by these activations in light of limited information of their timing. For example, it has been suggested that memory control processes can be divided into those that are pre-retrieval versus those that are post-retrieval (Rugg et al., 2002) . Pre-retrieval processes include adopting an appropriate attentional set (retrieval mode), allocating attentional resources (retrieval effort), and adopting a cue processing strategy related to the expectations of the task (retrieval orientation). Post-retrieval processes include the representation and evaluation of retrieved information, as well as the monitoring of retrieval outcome and/or additional strategies needed for successful task completion. In this context, the timing of alterations in frontal activation with aging has implications for the nature of the underlying cognitive process. A more complete understanding of these frontal activations will require greater linkage with this and other models of memory retrieval.
Given its exquisite temporal resolution, event-related potentials (ERPs) have provided some of the strongest support for separable processes underlying recognition memory (Rugg and Curran, 2007) . ERPs have generally been employed in recognition memory paradigms in which subjects decide whether test items were on a previous study list. In particular, these studies examine the "old/new" effect, which is the difference between studied items correctly endorsed as 'old' (Hits) and non-studied items correctly endorsed as 'new' (correct rejections; CR's). Generally, Hits are of amore positive voltage than CR's starting about 300 ms after test item presentation and this effect usually lasts for at least several hundred milliseconds (Rugg, 1995) .
More recently, spatially and temporally distinct modulations within the old/new effect have been described and are thought to be associated with different retrieval processes [for review, see (Rugg and Curran, 2007) ]. Two early modulations, referred to here as the FN400 and the late posterior component (LPC) old/new effects, have been postulated as correlates of familiarity and recollection, respectively. The relationship of the FN400 old/new effect with familiarity is supported by a number of findings, including its modulation by items correctly recognized in the absence of contextual details (Curran, 2004; Duarte et al., 2004; Duzel et al., 1997; Trott et al., 1997; Wolk et al., 2006) , non-studied items that are conceptually or perceptually related to studied ones (Curran, 2000; Curran and Cleary, 2003; Nessler et al., 2001) , and items studied in a "shallow" manner (Rugg et al., 1998a) . Alternatively, the LPC old/new effect is influenced by retrieval of contextual details and depth of encoding (Curran, 2004; Donaldson and Rugg, 1999; Duzel et al., 1997; Rugg et al., 1998b; Wilding and Rugg, 1996; Woodruff et al., 2006) . Recollection and familiarity have been linked to processing in the medial temporal lobes, including both hippocampal and extra-hippocampal structures (Brown and Aggleton, 2001; Eichenbaum et al., 2007; Squire et al., 2007) . While the FN400 and LPC likely are not direct markers of medial temporal activity, these modulations may be dependent on the integrity of these brain regions. For example, amnesia associated with hippocampal pathology results in absence of the LPC old/new effect (Duzel et al., 2001; Olichney et al., 2000) . FN400-like effects have been described in the anterior medial temporal lobe, including perirhinal cortex, in human intracranial ERPs (Fernandez and Tendolkar, 2006; Grunwald et al., 1998) and studies using magnetoencephalography [(MEG; (Duzel et al., 2003; Gonsalves et al., 2005) ].
A third ERP modulation has also been frequently reported, which we will refer to as the Late Frontal Effect (LFE). This sustained slow-wave can begin as early as 600 ms after test item presentation and can last 1 s or longer. As implied by its designation, it tends to be maximal over frontal scalp sites; often preferentially over the right hemisphere. The LFE has been observed in a number of studies and is often attributed to being involved in control-related functions such as post-retrieval monitoring Curran et al., 2001; Donaldson and Rugg, 1999; Ranganath and Paller, 2000; Wilding and Rugg, 1997a,b) . A related proposal is that this processing may index retrieval effort or directed, additional retrieval attempts when initial representations are impoverished (Ally and Budson, 2007; Ally et al., 2008; . Given its scalp location and putative role, some have speculated that this ERP effect is related to prefrontally-mediated activity, consistent with fMRI retrieval studies [e.g. (Cabeza et al., 2003) ].
The integrity of these component processes in aging has been explored to a limited extent and has implications for the nature of age-associated episodic memory loss. Several studies have reported an intact LPC old/new effect in the elderly relative to the young (Li et al., 2004; Mark and Rugg, 1998; Trott et al., 1999; Wegesin et al., 2002) . However, these studies specifically examined responses associated with accurate contextual retrieval (e.g., source) and, thus, reflect only those responses associated with recollection. Indeed, studies requiring simple item recognition memory have reported reduction of the LPC old/new effect compared to young controls (Fjell et al., 2005; Rugg et al., 1997; Swick and Knight, 1997; Walhovd et al., 2006) . Examination of item recognition success may be a more "unbiased" sample of memory retrieval, as familiarity and/or recollection can support performance. Thus, when retrieval success is not limited to responses associated with contextual retrieval, recollection appears generally reduced in older subjects echoing behavioral studies of aging (Davidson and Glisky, 2002; Howard et al., 2006; Parkin and Walter, 1992) . Few studies have examined the integrity of the FN400 in aging and, thus far, the results have been inconsistent (Ally et al., 2008; Duarte et al., 2006; Trott et al., 1999) . Several studies have evaluated the LFE in aging, and, here too, the results are mixed with some studies showing preservation of the effect (Li et al., 2004; Mark and Rugg, 1998) and others showing attenuation (Trott et al., 1999; Wegesin et al., 2002) . These studies have examined the LFE only in the context of source retrieval. Nonetheless, it remains uncertain why the results have varied, but are likely due to stimulus and subject-related factors. In particular, differences in the characteristics of the older populations studied, particularly with regard to cognitive capacity (high versus low performing), could influence these findings [see (Riis et al., 2008) ].
As noted above, several functional imaging studies have reported paradoxical increases in frontal activity associated with healthy aging (Cabeza et al., 2002; Daselaar et al., 2003; Grady et al., 1995; Gutchess et al., 2005; Logan et al., 2002; Madden et al., 1999; Morcom et al., 2007; Park et al., 2003) . Based on subject performance, claims as to whether these activations are related to compensation or inefficiency have been proposed. While we have reported increased P300 amplitudes associated with high relative to average performing older adults on tasks of novelty processing Riis et al., 2008) , little work has explored the relationship between performance and ERP old/new effects in aging [see (Duarte et al., 2006; Walhovd et al., 2006) for two recent examples]. Such work may help to address whether age-related changes reflect compensatory or dysfunctional neural operations. One significant advantage of ERPs over other functional imaging techniques is its excellent temporal resolution, on the order of milliseconds, which may allow for better classification of the role played by the frontal activations reported in the fMRI literature (e.g. preversus post-retrieval processes).
In the present study, healthy young and old adults performed a relatively difficult, but straightforward, item (word) recognition memory task while recording ERPs. We compared FN400, LPC, and LFE old/new differences between the two groups to gain insight into the relative weighting of component memory processes supporting item recognition judgments between the two groups. Additionally, we were interested in how performance modulated these ERP old/new effects, particularly the LFE, in the older group and whether evidence of compensation or inefficiency would be seen with ERPs as reported in the fMRI literature. To do so, we compared older participants who were divided into high and low performers based on their discrimination performance for the present experimental task.
Results

Participant characteristics
Standard psychometric testing results are presented in Table 1 . The sample represents a welleducated and high IQ group of participants. As can be seen in the table, there were some tests in which differences between the two groups reached statistical significance. As estimated by the AMNART, IQ was somewhat higher in the older group while memory measures and category generation favored the younger group. Nonetheless, the older group performed quite similarly to their younger controls and well within the normal range for this population.
Behavioral data
Both groups performed the task reasonably well without evidence of floor or ceiling effects (see Table 2 Fig. 3a for scalp topographies of the old/new effect). In the young subjects, Hits were associated with a more positive potential than CR's starting around 300 ms after stimulus onset. This difference appeared broadly across the scalp initially, but eventually became maximal at more posterior sites and ended by around 700 ms. Over the next 500 ms there was little difference between these responses with, if anything, CR's exhibiting a more positive voltage than Hits. Near the end of the recording epoch (~1200 ms) a frontally maximal positivity for Hits relative to CR's was seen.
The older participants had a very different relationship between Hits and CR's. There was little evidence of differences in the early intervals that traditionally encompass the FN400 and LPC old/new effect (300-700 ms). However, beginning around 800 ms and lasting until the end of the recording epoch, Hits were of a more positive voltage than CR's. This difference appeared maximal at frontal scalp sites.
The following analyses were pursued to investigate the apparent differences between the young and old subjects. For each interval of interest, ANOVAs employing the between-subjects factor of age (young, old) and the within-subjects factors of old/new (o/n; Hits, CR's), anteriorposterior (a-p; anterior, posterior), and laterality (left, midline, right) were calculated. We were most interested in interactions involving age and response type, which would indicate differences in the old/new effect. Main effects or interactions which did not include these factors, as well as non-significant results, will not be discussed unless of theoretical interest. To further explore interactions, subsidiary ANOVAs were employed. These results were further explored with separate o/n × a-p × laterality ANOVAs in the two age groups. Confirming the findings above, young subjects had a main effect of o/n [F(1,25) = 13.55, p<.01, η 2 =.35], an o/n × laterality interaction [F(2,50)= 12.00, p<.001, η 2 =.32], and an o/n × laterality × a-p interaction [F(2,50)=6.54, p<.01, η 2 =.21]. These reflect that the FN400 was more attenuated for Hits than CR's, particularly at midline and posterior sites. Older participants did not have a main effect of o/n or its interaction with any other factor (p's>0.1). 2.3.4. 800-1000 ms-There were no significant effects of o/n or its interactions with other factors (all p's>.1). It is worth noting that there was a trend for an o/n × age interaction [F(1,50) = 2.22, p=.14] reflecting the beginning of the LFE (Hits more positive than CR's) in the older participants, but not present in the young.
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2.3.5. 1000-1200 ms-An o/n × age interaction was significant [F(1,50)=4.11, p<.05, η 2 =. 08] due to evolution of the anterior old/new effect in the older subjects, but not observed in the young. Follow-up ANOVAs in the young subjects did not reveal an effect of o/n or interactions with this factor (p's>.1) while in the old subjects o/n × a-p approached significance [F(1,25)= 2.95, p<.1, η 2 =.11] reflecting that Hits were more positive than CR's maximally at frontal sites.
2.3.6. 1200-1500 ms-A main effect of o/n reached significance [F(1,50)=7.38, p<.01, η 2 =.13] with Hits more positive than CR's. There were no interactions of o/n with age (F's<1.0, p's>.1). An interaction of o/n × a-p × laterality approached significance [F(2,100)=2.69, p=. 08, η 2 =.05] reflecting the o/n effect being larger and more evenly distributed at anterior sites while the effect was largest at midline posterior sites.
2.3.7. Early vs. Late ERP effects-As is apparent from above, the young group demonstrated large early old/new effects (300-700 ms) while these effects were markedly diminished in the older participants. The opposite pattern appeared to hold for the earlier portion of the temporal epoch usually associated with the late frontal effect (800-1200 ms). To further explore this dissociation, difference waves (Hits minus CR's)were computed for the early (300-700ms) and late epochs (800-1200 ms) at Fz and Pz. These difference waves were submitted to an age (young, old) × epoch (300-700ms, 800-1200 ms) × site (Fz, Pz) ANOVA. A significant interaction of age × epoch [F(1,50)=9.8, p<.01, η 2 =.16]was found, reflecting the dissociation across age groups of the early and later old/new effects.
High versus low performing older adults
We were interested in determining the relationship of performance on the present item memory task and the ERP old/new effect. To do so, we divided the older group into high and low performers by conducting a median split of the 26 older participants based on their discrimination (Hits -False Alarms). Of note, the same procedure was carried out for the young controls, but did not yield significant differences between the groups, and this data will not be presented here.
2.4.1. Behavioral data-Demographic and psychometric data of the two groups formed by this median split are displayed in Table 3 . These groups did not differ in age or education [t's<1.0]. Although on some of the standard psychometric tests the high performers appeared superior, including CERAD word list encoding and recall, none of these differences was near significant. The only test that approached significance was category fluency [t(24)=1.9, p=. 07].
Performance on the experimental memory task for the high and low performers is displayed in 
ERP analysis-high versus low performing older subjects
Description of waveforms:
ERPs for Hits and CR's for both groups are presented in Fig. 2 (see Fig. 3b for scalp topographies of the old/new effect). In the lower performing group, there was little evidence of early (300-700 ms) old/new effects, but a large frontally maximal effect is seen starting around approximately 900 ms that was sustained throughout the remainder of the recording epoch. For the high performers, a somewhat different pattern was
seen. There appears to be a small old/new effect at posterior sites in the temporal epoch of the LPC (500-700 ms). There is also a frontally maximal effect beginning around 800 ms, but offsetting around 1200 to 1300 ms.
To further investigate these differences, ANOVAs employing the between-subjects factor of performance (high, low) and the within-subjects factors of o/n (Hits, CR's), anterior-posterior (a-p; anterior, posterior), and laterality (left, midline, right) were calculated. Intervals of interest were the same as above. To further explore interactions of theoretical interest, subsidiary ANOVAs were also employed. Effects that did not involve interactions with performance and o/n, or that were reported above, will not be repeated.
300-500 ms:
No interaction with group approached significance (F's≤1.0, p's>0.1).
500-700 ms:
A near significant interaction of performance with o/n × a-p × laterality [F(2,48)=3.0, p=.07, η 2 =.11] was seen in this epoch. This interaction appeared to reflect a posterior old/new effect in the high performers and a more right-hemisphere effect in the low performers. To follow-up on this interaction and the observation of an LPC effect in the high performers, separate ANOVAs were performed for each group. In the high performers, an o/ n × a-p interaction was observed [F(1,12)=8.1, p<.05, η 2 =.40] consistent with the presence of an LPC old/new effect. For the low performers, an o/n × a-p × laterality interaction [F(2,24) =5.1, p<.05, η 2 =.30] was seen due to a left hemisphere old/new effect with CR's exhibiting a more positive voltage than Hits at anterior sites.
800-1000 ms:
There was a trend for an interaction of performance × o/n × a-p × laterality [F(2,48)=2.6, p<.10, η 2 =.10]. This appeared due to Hits having a more positive voltage than CR's more over left hemisphere, anterior scalp sites in the high performing group while this effect was greater over right hemisphere, anterior sites in the low performing group. No other interactions of o/n with performance were significant (F's≤1.2, p's>.10).
1000-1200 ms:
A performance × o/n × a-p interaction was near significance [F(2,48) =3.5, p=.07, η 2 =.13] due to a larger anterior difference between Hits and CR's (Hits>CR's) in the low performers compared to the high performers. Follow-up ANOVAs revealed an o/n × a-p interaction [F(1,12)= 4.9, p<.05, η 2 =.29] in the low performers reflecting the frontally maximal old/new effect, or LFE. There were no significant effects of o/n or its interaction with other factors in the high performing group (F's<1.0, p's>.1).
1200-1500 ms:
A main effect of o/n [F(1,24)=5.2, p<.05, η 2 =.18] and an o/n × performance interaction [F(1,24)= 5.6, p<.05, η 2 =.19] was significant. These effects reflect that Hits were more positive than CR's, and that this effect was only present in the low performers. There was an additional significant interaction of o/n × a-p × performance [F (2,48)=9.0, p<.01, η 2 =.27] due to the old/new effect being maximum at anterior scalp sites in the low performers.
Follow-up ANOVAs for both groups were explored. For the low performers, a main effect of o/n [F(1,12)=8.5, p<.05, η 2 =.42] and o/n × a-p interaction [F(1,12)=6.5, p<.05, η 2 =.35] was observed due to Hits being more positive than CR's maximally at anterior sites, consistent with an LFE. There were no effects of o/n or interactions with other factors in the high performing group (F's<2.5, p's>.10).
Discussion
The current study examined the ERP correlates of item memory retrieval on a relatively difficult item recognition memory task. Early ERP old/new effects (300-700 ms) were present in the young whereas they were markedly diminished in the older subjects. However, a frontally maximal old/new effect, or LFE, was seen in the older participants starting around 900 ms and lasting until the end of the recording epoch, but was not present in the young controls until around 1200 to 1300 ms. Further, this late effect was most prominent amongst the poorer performing older subjects relative to those who performed well on the task. We will discuss these findings in turn and their relationship to the existing ERP and functional imaging literature on aging.
Early effects (300-700 ms)
These data are distinct from some recent ERP studies of recognition memory which have reported relative sparing of early old/new effects, particularly the LPC, but with, decreased or equivalent LFE's (Li et al., 2004; Mark and Rugg, 1998; Trott et al., 1997; Trott et al., 1999) . The question then is how to place the current results in the context of this literature. One important point is that while several studies have demonstrated intact early old/new effects in older participants (Li et al., 2004; Mark and Rugg, 1998; Trott et al., 1997; Trott et al., 1999) , a number of studies, focusing on the LPC old/new effect, have not. For example, several earlier studies using continuous recognition memory paradigms found diminished or absent early old/ new effects even after relatively short lags (<60 s) (Rugg et al., 1997; Swick and Knight, 1997) . In a more recent cross-sectional investigation, participants varying in age across the lifespan performed an item recognition memory task (Fjell et al., 2005; Walhovd et al., 2006) . These investigators reported that age was negatively correlated with the LPC old/new effect and the topography tended to involve more anterior scalp sites in the older subjects. Other work has found a somewhat diminished effect over posterior left hemisphere sites (the region in which the LPC is usually maximal), but a comparable, relative to young, effect over right hemisphere scalp sites (Li et al., 2004; Swick et al., 2006) . In the latter two reports, a left hemisphere negative wave was speculated as the cause of the diminished LPC. No such negative wave was seen in the present study as an explanation for the reduced early old/new effects. Regardless, the present data are by no means an anomaly with regard to this ERP effect.
Several potential explanations may account for this variability across studies. The present study involved an intentional encoding task -subjects were asked to simply try to remember the words for a later test. In two of the studies in which the LPC old/new effect was spared, subjects performed an incidental encoding task requiring semantic elaboration (Li et al., 2004; Mark and Rugg, 1998) . The studies by Trott and colleagues, which also demonstrated an intact parietal old/new effect for older participants, utilized an intentional task; however, study words were presented in the context of sentences, which may produce more naturally enhanced semantic elaboration (Trott et al., 1997; Trott et al., 1999) . Much work has supported the notion that older subjects perform more poorly than younger ones on intentional rather than incidental encoding tasks due to less spontaneous instantiation of appropriate encoding strategies (Glisky et al., 2001; Logan et al., 2002; Naveh-Benjamin, 2000; Naveh-Benjamin et al., 2007) . In particular, 'deep', semantic encoding is thought to support later memory retrieval. Thus, the reduced early old/new effects in the current study may reflect a weaker memory trace in the older participants due to differences in encoding strategies. Indeed, other work has demonstrated that the LPC is dependent on the depth of encoding (Curran, 2004; Rugg et al., 1998a) .
Perhaps a more important difference between the current paradigm and studies demonstrating an LPC old/new effect inert to aging is that the latter tasks all involved source memory (Li et al., 2004; Mark and Rugg, 1998; Trott et al., 1997; Trott et al., 1999) . Source memory tasks require retrieval of associative details, which has been linked to the amplitude of the LPC (Donaldson and Rugg, 1998; Rugg, 1996, 1997a) . Both the encoding and retrieval conditions of source memory tasks promote the formation and retrieval of such bound details.
In an item memory task, such as the present one, older subjects may be less likely to spontaneously appropriate available resources to the encoding and retrieval of associative details than in a task in which it is explicitly required (e.g., a source memory task). As noted above, young subjects may use more effective encoding and retrieval strategies regardless of the nature of the task. Thus, age differences in associative retrieval as marked by the LPC may be greatest in item recognition memory tasks in which such retrieval is not explicitly required. Future work could address differences in LPC response related to encoding and task requirements in older populations.
Additionally, correct source judgments require retrieval of associative details and provide a more select sample of "hits" that are specifically associated with recollection than are items correctly recognized on an item recognition memory task. Thus, it stands to reason that regardless of age, the LPC old/new effect is more likely to be present in source tasks if this component indexes retrieval of contextual details. Alternatively, correct responses on item tasks represent a mixture of recollection and familiarity. Interestingly, the paradigms that have employed item memory tasks in aging studies have largely found a diminished LPC old/new effect as found here (Ally et al., 2008; Rugg et al., 1997; Swick and Knight, 1997; Walhovd et al., 2006) , suggesting that item recognition may be associated with less detailed retrieval in older than younger subjects.
Finally, study material, task difficulty, study-test delay, and heterogeneity in the study populations may further account for differences in the presence of the LPC old/new effect in studies of aging. For example, a recent report suggested that early ERP effects (both FN400 and LPC) are diminished in older populations when studying word stimuli, but were relatively intact for pictures (Ally et al., 2008) . This result was reflected by behavioral performance on the two tasks; better performance for pictures than words. Similarly, we found that the higher performing older subjects demonstrated an LPC old/new effect not seen in the low performers.
If detailed memories, as reflected by the LPC old/new effect, are reduced in the older subjects, the expectation would be that familiarity is driving their reasonably accurate memory performance. Such a hypothesis, as noted above, is suggested by behavioral studies and some fMRI work (Daselaar et al., 2006) . However, the FN400 old/new effect (usually 300-500 ms) also appeared diminished in the older participants. The FN400 effect has received relatively little consideration in studies of aging, and the results have been mixed. One study that specifically looked at correlates of familiarity did not find evidence of modulation of this component in older subjects (Duarte et al., 2006) . Another study found the absence of this effect specific to words, but not picture stimuli (Ally et al., 2008) . Alternatively, other studies have not found this effect for pictures (Gutchess et al., 2007b; Li et al., 2004) , but have for words (Trott et al., 1999) . Given the relative sparing of familiarity in older subjects reported in the behavioral literature (Davidson and Glisky, 2002; Howard et al., 2006; Jacoby, 1999; Yonelinas, 2002) , these results are difficult to reconcile with the notion that the FN400 indexes this memory process in older adults. It is certainly possible that different ERP modulations underlie familiarity in older relative to younger subjects. Future investigation should more directly address the nature and functional significance of familiarity correlates in aging.
Late effects
Of most interest, we found that while early ERP old/new effects were markedly reduced in the old relative to the young participants, the opposite pattern emerged for the LFE. This finding was revealed in the age × epoch (300-700 ms, 800-1200 ms) interaction. The LFE has been postulated to represent pre-frontal activity in the service of post-retrieval monitoring or evaluation (Nessler et al., 2001; Ranganath and Paller, 2000; Wilding and Rugg, 1997b) . It has also been suggested that the activity may index retrieval effort or controlled processes related to directing additional retrieval attempts when initial representations are impoverished (Ally and Budson, 2007; Ally et al., 2008; . Prior studies of aging have reported this effect either to be diminished (Senkfor and Van Petten, 1998; Trott et al., 1999; Wegesin et al., 2002) or preserved in older subjects (Ally et al., 2008; Li et al., 2004; Mark and Rugg, 1998) .
The current result differs from these prior studies by demonstrating an augmentation of this late old/new effect. While the literature is limited, and most prior studies of item memory did not assess these late effects, to our knowledge this is the first ERP study to produce such a finding, which is more closely aligned with results from the functional imaging literature. A number of fMRI studies using either event-related or blocked designs have reported age-related increases in cortical recruitment for memory tasks, either at encoding or retrieval (Cabeza et al., 2002; Daselaar et al., 2003; Grady et al., 1995; Gutchess et al., 2005; Logan et al., 2002; Madden et al., 1999; Morcom et al., 2007; Park et al., 2003) . In particular, this increased recruitment in elderly subjects often involves prefrontal cortex. In some cases the additional activity is a manifestation of increased recruitment of homologous contralateral regions to that recruited in the young (loss of functional lateralization), but in other cases is a reflection of recruitment in different regions or the same regions with increased intensity (Cabeza et al., 2002; Morcom et al., 2007) .
The dissociation of a reduction in the early ERP old/new effects, thought to reflect medial temporal function, with an increase in the temporally later LFE, which may index prefrontal function, is reminiscent of results reported in an fMRI study of memory encoding (Gutchess et al., 2005) . Gutchess and colleagues found reduction in medial temporal activation associated with subsequent memory success in older subjects compared to younger ones, but the opposite pattern with regard to dorsolateral prefrontal cortex activation. Further, the activation in these two regions were inversely related in the older participants. The prefrontal activity may then reflect compensation for deficient medial temporal processing. Likewise, here, impoverished reinstatement of the prior study episode bymedial temporal structures (reflected in the reduced LPC and FN400 old/new effects) is associated with an earlier and more sustained LFE. It is worth noting that these investigators recapitulated this study with ERPs and did not find increased frontal activation (Gutchess et al., 2007b) . However, they did not examine time intervals beyond 900 ms. Our results are also similar to a recent source memory study in the ERP literature (Swick et al., 2006 ). Swick and colleagues found an attenuated LPC in both old subjects and those with frontal lobe lesions relative to young adults. However, the old adults demonstrated an additional left anterior old/new effect from 600 to 1200 ms, which was not present in the young or frontal lobe patients. This activity (opposite in polarity from the current findings), may also represent compensatory activity dependent on intact prefrontal functioning.
The LFE old/new effect had an opposite polarity for the older versus younger subjects between 800-1200 ms. This cross-over phenomenon has also been recently reported in the fMRI literature (Morcom et al., 2007) . Morcom and colleagues reported areas, including in the prefrontal cortex, in which hit activation was greater than correct rejections for older subjects, but the opposite was true for the young. The more generalized greater activation for hits relative to correct rejections in the older subjects may reflect a dedifferentiation of neural recruitment with aging.
The present ERP results add to the functional imaging literature by providing information on the timing of the increased cortical recruitment. In addition, ERPs are not confounded by potential age-related effects on the properties of the bold signal in fMRI [see (Handwerker et al., 2007) ], which has critical implications for its functional significance. For example, if the increased prefrontal activation represented a pre-retrieval phenomenon, such as a consequence of retrieval effort, one would expect to observe increased activity throughout the recording epoch. Our finding of this activity only after failure to instantiate robust early old/new effects suggests that processing reflected by the LFE in the older cohort may be related to additional retrieval attempts in the context of a weak memory trace. This result is consistent with the notion that the LFE may index controlled processing in the service of these additional attempts (Ally et al., 2008) . Thus, although control mechanisms may be generally impaired as a result of aging, impacting the effectiveness of encoding and pre-retrieval processes, this impairment leads to an increase in the retrieval demands of the task and need for later controlled activity. As such, the older subjects, particularly those who perform the poorest, may need to compensate by instantiating additional, later controlled processes. Velanova and colleagues provided a similar interpretation in a related fMRI study of item recognition memory in which older subjects demonstrated greater frontal activation in a "high control" task (Velanova et al., 2007) . In this study, the high control task was defined by task difficulty (high control items were studied once while low control items were studied multiple times). These investigators examined the time course of the enhanced frontal effect and found that it appeared to occur later than parietal activations typically associated with memory retrieval. Thus, these authors attributed the frontal activation to a late selection process (post-retrieval) to compensate for poorer early selection (pre-retrieval).
Notably, at about 1200 ms the young group also began to display a frontally-maximal old/new effect. As participants are asked to refrain from responding until a signal at 1500 ms, it is difficult to know whether this activity is related to retrieval or perhaps preparing for the upcoming response. Given the timing and presence of robust early ERP old/new modulations, it seems unlikely that this effect reflects the same processing as the LFE seen in the older participants, which begins about 300 ms prior to that of the young.
Performance effects
There is a need in the ERP memory and aging literature to examine the effects of performance on the neural underpinnings of memory processing (Friedman, 2003) . Such analyses may provide additional insight into the nature of age-associated memory impairment. For example, study of performance effects in functional imaging studies has generated hypotheses regarding the nature of increased recruitment in older subjects (Cabeza et al., 2002; Daselaar et al., 2003; Rosen et al., 2002) . Much of this work has centered on whether the increased activity is a reflection of compensation or inefficient processing. If enhanced recruitment is observed in higher performing subjects, some have argued that this is a reflection of compensation (Cabeza et al., 2002; Daselaar et al., 2006; Davis et al., 2008; Gutchess et al., 2007a; Rosen et al., 2002) . For example, Cabeza and colleagues found that low performing older adults recruited right prefrontal cortex to a similar extent as young subjects on a source memory task. Consistent with the notion of compensation, high performing older adults had an additional, more symmetric recruitment of prefrontal cortex (Cabeza et al., 2002) . Alternatively, if the poorer performers are the ones with increased activation, this activity is then often considered related to inefficient processing (Colcombe et al., 2005; Zarahn et al., 2007) . Colcombe and colleagues not only found that older adults who performed poorer on a task of inhibition had higher prefrontal cortex activation relative to those that performed better, but that they also had lower white matter density. Other work has also found that white matter integrity may be related to increased activation in older adults suggesting that this activation may reflect this pathological change (Persson et al., 2006) . It should, of course, be noted that these constructs are not orthogonal. For example, greater inefficiency at one stage of processing may be associated with compensatory activation at a later stage. Further, increased activation in poorer performers could still support performance of the task in a compensatory manner that is unnecessary in the higher performers (Zarahn et al., 2007 ).
While we found that the older group had an earlier and larger late frontal effect than the young group, this was most pronounced in the low performers. Such a result, based on the logic of above, may be consistent with the notion that this activity reflects inefficient processing. Further, while the effect was maximal at frontal sites, its broad distribution may be consistent with the idea that dedifferentiation, or breakdown of neural specialization, may drive this inefficiency.
However, we favor that this activity still may reflect some degree of compensation. The high performing older adults exhibited some evidence of an LPC old/new effect which was not present for the low performers. As noted above, the late frontal activity may be involved in directing additional retrieval attempts when memory is weak. Thus, the difference between the high and low performers may be driven in part by the poorer initial retrieval of the latter group and reflect compensatory activity, akin to the fMRI findings of Velanova et al. noted above (Velanova et al., 2007) . This interpretation is tentative as we did not find a significant inverse correlation between the early and late old/new effects in the older participants. This could be due to a number of factors including the noise of the ERP response or limited variance of the early ERP effects which were near floor in the older adults.
The present data offers one of the first attempts at examining ERP correlates of recognition memory based on performance in older adults. Two other recent studies have also examined the relationship of memory accuracy in aging with ERP correlates of retrieval success (Duarte et al., 2006; Walhovd et al., 2006) . Walhovd and colleagues studied subjects with a broadly distributed age range in an item memory task and focused on the LPC old/new effect. In general, they found that the amplitude of the effect decreased with age and that the distribution was more anterior. Interestingly, those who performed most poorly on the task had the largest anterior old/new difference. This greater dependence on more anterior effects in the poorer performers is similar to the current findings. Duarte et al. also found a late frontal effect (700-1200 ms) only present in the poor performing group, also akin to the present results. However, this old/new effect had the opposite polarity of the current one. The authors suggested that this activity may represent non-selective recruitment in the poorer performing participants.
It should at least be noted that the nature of the activations can vary between groups, both with regard to the underlying processes being supported and the significance of increases or decreases. For example, increases in activation in young adults could represent inefficiency rather than compensation. It is also worth noting that comparisons between groups (e.g., younger to older adults) in ERP and fMRI studies may be confounded by disparities in performance (Li et al., 2004; Morcom et al., 2007) . As performance declines on a recognition test, there is likely a greater number of both hits and correct rejections that are associated with "lucky guesses," which effectively dilutes both of these response categories diminishing the magnitude of old/new effects. Such a confound may be relevant for the decreased early effects observed in the low performing old group relative to their high performing and young counterparts. However, increases in the old/new effect associated with poorer performing groups are not subject to this criticism, as lucky guesses would tend to blunt these responses. Thus, if anything, the increase late frontal old/new effect of the poor performing old group is likely to be an underestimation of the magnitude of this effect.
Conclusion
We have found on an item recognition memory task that early ERP old/new effects (FN400 and LPC) are diminished in old relative to young adults. In contradistinction, the LFE was earlier and more robust in the older population. Further, it was of greatest amplitude in those who performed most poorly and had the weakest early old/new effects. These results suggest that aging may result in poorer initial retrieval of items supported by medial temporal structures. The increased frontal activity in older adults may then reflect additional retrieval related processing which is instantiated most prominently in those with the weakest memory.
Experimental procedures
Participants
Informed consent was obtained for 27 young subjects (17 female; mean age 22.8 years old; mean education: 15.7 years) and 28 older subjects (19 Female; mean age: 73.6 years; mean education: 16.3 years). Two of the older controls and 1 younger control were not included in the analysis due to technical failures of the recording. Participants were recruited through community announcements. After completing informed consent, participants underwent an evaluation that included a medical, neurological, and psychiatric history; a formal neurological examination; and a screening battery of standard neuropsychological tests.
Younger subjects were between 18-30 years old and older subjects between 65-85 years old. Participants had to be English speaking, have ≥12 years of education, have a Mini-Mental Status Exam Score (Folstein et al., 1975) of ≥26, and be right handed. Subjects were excluded if they had a history of a central nervous system diseases or major psychiatric disorders based on the Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition criteria (Association, 1994) , a history of clinically significant medical diseases, corrected visual acuity worse than 20/40, or focal abnormalities on neurological examination consistent with a lesion of the central nervous system. Participation was voluntary and subjects were compensated $25 per hour. The study was approved by the Institutional Review Board of Brigham and Women's Hospital, Boston, MA.
IQ was estimated in all participants based on the American Modification of the National Adult Reading Test [AMNART; (Ryan and Paola, 1992) ]. In addition, all participants completed the following standard psychometric tests: (1) Controlled Oral Word Association Test [COWAT; (Ivnik et al., 1996) ]; (2) category fluency [animals, (Spreen and Strauss, 1998) ]; (3) Visual Retention Test (Benton et al., 1994) ; (4) Trail Making Test A and B (Reitan, 1958) ; and (5) Consortium to Establish a Registry for Alzheimer's Disease (CERAD) Word List Memory test [memory, recall, and recognition; (Morris et al., 1989) ]. To further assess that the older adults did not have evidence of an incipient dementia, the following additional tests were administered: (1) Mini-Mental Status Exam (Folstein et al., 1975) ; (2) a 15-item version of the Boston Naming Test [BNT; (Kaplan et al., 1983) ]; and (3) Digit Span subtest of the Wechsler Adult Intelligence Scale III (Wechsler, 1997) .
Materials and design
Stimuli consisted of 480 words (5 to 8 letters; mean Thorndike-Lorge frequency: 221.8) collected from the University of Western Australia MRC Psycholinguistic database (http://www.psy.uwa.edu.au/MRCDataBase/UWA_mrc.htm). The words were divided into two lists of 240 words; words from one list served as study items and words from the other were foils, counterbalanced across subjects. There were three study-test blocks with 80 words at study and 96 words at test (half studied and half unstudied). In each study block, 12 words were presented in a larger, color font while the rest were in white; all were on a black background. At test, 24 words were presented in a larger, color font (half studied; half unstudied) and 72 in white (half studied; half unstudied). Results from the color words were not analyzed here and were included in the paradigm to test the 'isolate' or 'von Restorff' effect in aging (Hunt and Lamb, 2001; Restorff, 1933) . Thus, the present analysis includes recognition judgments on 108 studied and 108 unstudied words.
Procedure
All participants were instructed to study the words for a later memory task. They were told that some items would be in white while others would be in color, but that they should try to remember all items for the subsequent test. In the study phase, a "+" was presented for 1500 ms followed by a blank screen for 250 ms. The study word was then presented for 1000 ms. After a 250 ms blank screen, the cycle repeated. For each block, the test phase would immediately follow each study phase. Subjects were instructed to decide whether each test word was studied previously ("Old" response) or was not ("New" response). After a 500 ms fixation "+", test words were presented for 1000 ms followed by a blank screen for 500 ms. Then an "Old or New?" prompt would appear on the screen. To reduce EEG eye-movement and response-related artifact, subjects were asked to refrain from blinking or responding until this prompt appeared [this procedure has been used in several previous ERP studies (Curran and Cleary, 2003; Curran et al., 2006; Wolk et al., 2004) ]. After the "Old or New?" prompt, subjects verbally gave their answer to the experimenter who then entered the response with a key press. Participants were able to rest between each of the three study-test blocks.
Electrophysiological recording
ERPs were recorded from 35 active tin electrodes that were held in place on the scalp by an electrode cap (Electro-Cap International, Eaton, OH, USA). Electrode locations were based on the International 10-20 system and were arranged in 5 columns, each with 7 antero-posterior sites. The midline sites were FPz, Fz, FCz, Cz, CPz, Pz, and Oz. There were two inner lateral columns that included FP1/2, F3/4, FC3/4, C3/4, CP3/4, P3/4, O1/2 and two outer lateral columns that included AF7/8, F7/8, FT7/8, T7/8, TP7/8, P7/8, PO7/8. All sites were referenced to the left mastoid. An electrode was placed below the left eye (LE) for detection of eye blinks and vertical eye movements (electrical activity at LE was compared to an electrode above the eye to monitor for these eye movements). Another electrode was placed at the right lateral canthus (referenced to an electrode at the left lateral canthus) to detect horizontal eye movements. The EEG was amplified by an SA Instrumentation system, using a band filter with negative 3-dB cutoffs of 0.01 to 40 Hz and was continuously digitized (100 Hz).
ERP analysis
Continuous EEG data were divided off-line into epochs beginning 200 ms prior to test item presentation and ending 1500 ms after test item presentation. Trials with amplifier blocking or eye movements were excluded; blinks were corrected (Dale, 1994) . Separate ERPs were calculated for 'Hits' (studied items given an "Old" response) and 'Correct Rejections' (CR's; unstudied items given a "New" response). For the young subjects, a mean number of 81 (SD: 12.4) and 79 (SD: 13.3) trials were averaged for Hits and CR's, respectively. For the older participants, a mean number of 77 (SD: 16.2) and 77 (SD: 11.5) trials were averaged for Hits and CR's, respectively. Mean amplitude (relative to a 100 ms pre-stimulus baseline) was calculated for both response types at each electrode to capture the FN400 (300-500 ms) and LPC (500-800 ms). In addition, the following epochs were analyzed to evaluate late frontal effects based on visual inspection of the waveforms in the two groups: 800-1000 ms, 1000-1200 ms, 1200-1500 ms. In cases of electrode failure, voltages were calculated as the average of two contiguous electrodes.
In general, the intervals of interest were analyzed using analysis of variance (ANOVA), with age (young, old) as the between-subjects variable and old/new (o/n; Hits, CR's), anteriorposterior (a-p; anterior, posterior), and laterality (left, midline, right) as the within-subjects variables. Electrodes were divided into 6 groups for these analyses (left anterior: AF7, FP1, F7, F3; middle anterior: FPz, Fz; right anterior: AF8, FP2, F8, F4; left posterior: TP7, CP3, P7, P3; middle posterior: CPz, Pz; right posterior: TP8, CP4, P8, P4). This distribution of electrodes was used to capture the apparent ERP effects based on visual inspection for the intervals of interest. It is worth noting that ANOVAs using the full electrode array produced very similar results. To examine ERP differences between high and low performing older adults, additional ANOVAs involving factors of performance (high, low), o/n, a-p, and laterality were performed at each of the intervals of interest. The Green-house-Geisser correction procedure was used for repeated measures factors with greater than one numerator degree of freedom. Effect size (η 2 ) of main effects of o/n and interactions with age or performance were reported. For brevity, main effects of location (either laterality or a-p) and interactions that were either non-significant or did not involve age and o/n were not reported unless of theoretical significance. All p-values reported were 2-tailed and were considered significant if they were less than 0.05. Hits and correct rejections: young and old. Grand average ERP plots for hits (blue) and correct rejections (black) at select electrode sites for young (left) and old (right) participants. Arrows point to the FN400, LPC, and LFE. Hits and correct rejections: high and low performing old. Grand average ERP plots for hits (blue) and correct rejections (black) at select electrode sites for low (left) and high (right) performing old participants. Topographic distributions. Topographic distributions of ERP differences between hits and correct rejections at 100 ms intervals. (a) Shows young and old topographies, while in (b) the old group is divided into high and low performers. 
